energy/power density of thick electrodes were found to be increased cell polarization and underutilization of active materials. The latter is affected by Li-ion diffusion in active materials and Li-ion depletion in the electrolyte phase. Based on those findings, possible approaches were derived to surmount the limiting factors. The improvement of the energy-power relationship in an 18,650 cell was used to demonstrate how to optimize the thick electrode parameters in cell engineering.
Introduction
Li-ion batteries have been extensively investigated for decades as power sources for portable electronics and, more recently, for electric vehicles. Previous research and development on lithium-active materials, electrode formulation, and battery manufacturing have distinguished Li-ion battery chemistry from other battery chemistries due to high energy density and good cycling performance [1] . However, further increase in energy density and reduction in cost need to be consistently pursued to realize electric vehicles powered by Li-ion batteries that are competitive with vehicles powered by internal combustion engines.
The core part of a Li-ion battery is the cell stack (Fig. 1 ). The positive electrode is composed of lithium transition metal oxides and other additives coated onto Al foil. Graphite, the active material in the negative electrode, is coated onto Cu foil.
Several approaches have been used to increase the energy density and/or reduce the cost of Li-ion batteries, such as developing new active materials and optimizing cell engineering, materials processing, and quality control. LiCoO 2 was the cathode material used in Sony's first commercial Li-ion battery [2] . Various new cathode materials have been studied to replace cobalt with other lowcost transition metals. For example, LiNi 1−x Co x O 2 oxides were studied by Delmas et al. in an effort to reduce cost and increase specific capacity [3] . The safety issue associated with that material related to O 2 evolution was solved with the addition of Al 3+ to produce LiNiCoAlO 2 (NCA).
That addition was found to stabilize the layered oxides during Li de-intercalation [4] . NCA has been one of the most successful cathode materials and is used in the batteries in Tesla electric vehicles. LiNi x Mn y Co 1−x−y O 2 (NMC) is another low-cost, commercially available cathode material that has the same crystal structure as LiCoO 2 [5] . Graphite has been used in anodes for Li-ion batteries ever since Sony's first commercial Li-ion battery due to its low cost and high volumetric capacity [1] .
Optimizing cell engineering is a more straightforward approach to increasing the volume ratio of active materials in a battery pack. Modern Li-ion cells can have an energy density of up to 550 Wh L −1 , compared to only 200 Wh L −1 in the late 1990s [6] . The gradual improvement in energy density over the last 20 to 25 years was mostly due to cell engineering, which has increased the volume ratio of active materials from ~20% in early Li-ion cells to ~45% in today's state-of-art cells [7, 8] . Thickening electrodes in cell stacks while making current collectors and separators thinner is one effective approach to continuously increasing the active material content for higher energy density and low-cost Li-ion batteries.
Much less effort has been reported to modify electrode parameters than has been made to develop new active materials; however, several notable experiments have demonstrated that such modifications can considerably improve battery performance [9] [10] [11] [12] . Yu et al. studied LiFePO 4 electrodes with thicknesses of 15-120 µm and found that the electrode performance was strongly dependent on the compositions of conductive additives and electrolytes [9] . Tran et al. systematically examined some parameters of NCA electrodes, such as electrode thickness, degree of compacting, and conductive additive type [10] . Tran et al. demonstrated that those parameters strongly affect the rate performance of the electrodes and that determining the correct electrode design is vital to improving battery performance. Research by Lu et al. addressed the electrode-engineering aspects of NCA electrodes needed for the development of a Li-ion battery that would meet the energy requirements of plug-in hybrid electric vehicles (PHEVs). Zheng et al. studied LiNi 1/3 Co 1/3 Mn 1/3 O 2 (NCM) and LiFePO 4 (LFP) electrodes with different active material loadings. They observed significant loss of power density while increasing electrode thickness. Based on experimental power-law results, they determined that Li-ion diffusion within the electrode was the main reason for the loss of power density [12] .
In addition to these experimental studies, numerical modeling has been conducted to get a more detailed understanding of the electrochemical system when thick electrodes are used. The operation of a Li-ion battery follows porous electrode theory and electrochemical reaction thermodynamics. Newman et al. developed the governing 0 Fig. 1 Cell stack used in this study to model the impact of different thicknesses on cell performance equations [13, 14] . The porosity and thickness of a battery electrode were further optimized by means of a reactionzone model [15] . Srinivasan and Newman performed the simulation of a graphite/LFP full cell to determine the cause for the low-power capability of the material [16] . Ohmic drops in the electrodes and transport limitations in the iron phosphate particles were found to limit the power capability of the cells. More recently, Yu et al. and Gallagher et al. used combined experimental and simulation approaches to optimize LFP and NMC thick electrodes, respectively [17, 18] .
Most of the previous reports indicated that rate capability (power performance of the battery) is affected by electrode thickness while high energy density can be achieved at low C rate. However, a detailed discussion has not yet been presented to connect output performance with the internal change of the cell due to different cell parameters. This work parallels the study of active materials for the further improvement of Li-ion batteries under a wide range of charge and discharge requirements for electric and hybrid electric vehicle applications. In this work, the discharging process of an NCA/graphite full cell is studied to obtain an in-depth understanding of the limiting factors in thick electrodes. Cell polarization and active material underutilization in thick electrodes were found to have negative effects on cell performance. Accordingly, possible approaches are proposed to maximize the battery performance when thick electrodes are used. The derived energy density plot can be used by researchers to manufacture batteries that are suitable for specific applications.
Method
Numerical modeling was used to study the electrochemical reaction in a Li-ion cell composed of an NCA cathode and a MesoCarbon MicroBead (MCMB) graphite anode. The cell stack is shown in Fig. 1 . In the numerical model, the interface between the separator and the cathode is set to be 0 on the x-axis. One unit of the cell stack consists of half of the thickness of the Cu foil, one layer of negative electrode between the Cu foil and the separator, one separator, one layer of positive electrode between the separator and the Al foil, and half the thickness of the Al foil. The negative and positive electrodes consist of solid spherical particles. The simulation in this study follows mathematical model proposed by the Newman group [14, 15, 19] . COMSOL Multiphysics software was used to solve all of the equations. The maximum grid size is 2 µm and at the edge is 0.5 µm.
The variation of current flowing in the solid phase is transferred to the electrolyte phase at the electrode/electrolyte interface. Thus the variation of the solid-phase potential in the negative or positive electrode, Φ s , is governed by Eq. (1): where σ s,eff is the effective electronic conductivity of the solid phase; F is the Faraday's constant; and j is the local pore-to-wall flux of Li ions at electrode/electrolyte interface. a is the surface area of the solid-phase particles and is related to the radius of particle size (R) and the volume fraction of the active particles (ε s ):
The current in the solid phase, i s , is governed by Ohm's law:
The current (i l ) and potential (Φ l ) in electrolyte phase follow the concentrated solution theory. Their relationship is described in Eq. (3): where κ l,eff is the effective ionic conductivity of the electrolyte phase; R is the universal gas constant; F is the Faraday constant; T(K) is the absolute temperature; f is the electrolyte salt activity coefficient; c l is the Li-ion concentration in the electrolyte; and t + is the transference number of Li-ion.
The applied charging/discharging current (I) is the sum of the current in the solid phase (i s ) and electrolyte phase (i l ):
The mass balance of electrolyte concentration is governed by the diffusion and intercalation reaction (pore-wall flux):
where ε l is the porosity in the region for liquid electrolyte filling and D l.eff is the effective electrolyte diffusion.
The mass transport inside the solid-phase particles was included in the simulation using spherical coordinates (r, 0 ≤ r ≤ R). The Li-ion concentration (c s ) is governed by Fick's second diffusion law:
where D s is the diffusion coefficient of Li ion in the solid phase.
For the charge-transfer reaction on the surface of solidphase particle, the Butler-Volmer equation is used:
where k represents the forward and backward rate constants; c s,max is the saturation concentration of Li ion in the solid phase; and U is the open-circuit potential.
In porous media, transportation properties are modified to account for the actual path length of the species. Here, α is the Bruggeman exponent and was set to be 1.5 as extensively used in Newman's modeling reports [14, 15, 19] . This has been demonstrated to be effective when the porous medium is constructed with spherical particles [20] . It has to be pointed out that the tortuosity determination of actual battery electrode is different based on slightly different microstructures in a whole or locally [21] [22] [23] . This value could range from 1.5 to 2.5 in the literature. However, here only the simplest case of spherical particles was simulated and α is 1.5 for the following equations.
The porosity of the negative and positive electrodes was set to be 0.30 so that the study could focus solely on the increment of electrode thickness. The thickness of the NCA electrodes was increased from 60 to 240 µm in 30 µm steps. The ratio of the capacity of the MCMB electrode to that of NCA electrode was set to be 1.1 so that the thickness of MCMB electrode was increased accordingly. The radius of the MCMB particles was set to be constantly 10 µm in all the simulations. The radius of the NCA particles was set to be 2 µm. The boundary conditions are listed in Table 1 , and the physical parameters used in the simulation are given in Table 2 . The cell stack was discharged from fully charged state to 2.8 V. The parameters used in Table 2 are from the COMSOL materials library and are close to those used in the literature for NCA [24] , graphite [25] and liquid electrolyte [26, 27] , which have been validated in the literature by comparing to experimental data. Here, a constant diffusion coefficient in the electrolyte is used for the electrolyte because the values reported in experimental literatures were different from each other due to different measuring techniques [26] [27] [28] . However, it is not in the scope of this paper discussing different function fitting in previous reports and thus a constant value is used for simplicity.
Three different approaches were studied to further improve the energy/power density of the cell stack. Approach (a) is decreasing NCA particle size to 500 nm while maintaining other parameters unchanged. Approach (b) is increasing initial electrolyte concentration to 1.5 mol L −1 while maintaining other parameters unchanged. Approach (c) is decreasing NCA particle size to 500 nm and increasing initial electrolyte concentration to 1.5 mol L −1 while maintaining other parameters unchanged. Several different porosity gradients in NCA electrode were also modeled to study their effects on battery performance. In this part of the study, the electrode thickness and areal loading were unchanged. The function expressions for porosity gradients are listed in Table 3 . On the x-axis, "0" represents the interface between the separator and the cathode; "1" represents the interface between the cathode and the Al foil.
Results and discussion
Numerical simulations were performed to investigate the effects of electrode thickness on discharge behavior of the NCA/MCMB cells under various C rates. The increase in thickness can increase the volume ratio of active materials in the cell stack and thus increase the energy density. Figure 2 shows the discharge voltage (V) curves versus the capacity of the cell stack (Q) under C/5, C/2, 1C, and 2C rates. The discharge capacity of the cell did not change when the thickness of the NCA electrode was increased from 60 to 240 μm at C/5. It starts to decrease rapidly in combination of electrode thickness and C rates, such as 240 μm at C/2, 180 μm at 1 C, and 150 μm at 2 C. Another important factor to consider is the average discharge voltage. The polarization at C/5 can be hardly noticed with the increase of thickness because the applied current is low. When the applied current is increased gradually to C/2, 1C, and 2C, the polarization is increasingly pronounced in the thicker electrode, as shown in Fig. 3a .
Here the average voltage during discharge is obtained from the voltage curves via Eq. (12):
The decrease of cell voltage due to polarization and the decreased capacity result in lower energy/power density, offsetting the benefit from the high volume ratio of active materials in the thick electrodes. In previous reports, researchers have discussed the critical thickness in regards to specific capacity or areal capacity [17, 18] . However, the volumetric energy density is the prominent consideration which is more applicable to implementation in practical cells [29] . Therefore, this study focuses on the maximum points of the volumetric energy density under specific C rates. Figure 3b shows the volumetric energy densities of cell stacks versus the thicknesses of their NCA electrodes under different C rates. Ũ is the volumetric energy density; Q is the areal capacity; and t is the total thickness of the cell stack.
The energy density increases with the increase of NCA electrode thickness, rapidly at first, and gradually plateaus at around 728 Wh L −1 under C/5. The maximum points of the energy density are 692, 643, and 563 Wh L −1 , occurring at 210, 150, and 120 μm under C/2, 1C, and 2C rates, respectively. As the electrode thickness increases beyond the critical thickness, the volumetric energy density decreases rapidly. Gravimetric energy density versus thickness follows the same trend and thus not shown here. This is in accordance with battery manufacturing practices: thin electrodes are used to meet high power requirements, and thick electrodes are used for applications requiring low power but high energy density.
The cell polarization is the applied current multiplied by internal resistance, which gradually increases with electrode thickness. The internal resistance in the cell generally includes the electronic resistance in the solid NCA and MCMB phases, the ionic resistance in the electrolyte phase, Li-ion charge-transfer resistance at the electrode/ electrolyte surface, and Li-ion diffusion impedance in the solid phase. Therefore, the reduction of polarization relies on the decrease of any of the above impedances in the cell.
Capacity decrease in thick electrodes is shown in Fig. 4 . The dashed lines are the Li + concentration at the surface layer of NCA particles (C s,s ) and the solid lines are the averaged Li + concentration of NCA particles (C s,a ) at the end of the discharge process. It is well known that the cathode [30] , and that the specific capacity (utilization ratio of active materials) is determined by (C s,a ) . For cells discharged at C/5, the difference between (C s,s ) and (C s,a ) is negligible for all the thicknesses. This is in accordance with Fig. 2 . The capacity of NCA is almost the same for different thicknesses from 60 to 240 μm. The (C s,s ) barely changes for cells with the same thickness regardless of C rates. However, the (C s,a ) gradually decreases because (C s,s ) increases rapidly to the saturation value at higher current density and causes the cell to reach the cutoff voltage. The concentration gradient between the surface and the interior of NCA particles for Li + diffusion results in underutilization of the active materials [30] . The y-axis scale on the right side of Fig. 4 shows the normalized utilization of the NCA phase with the fully lithiated state as 1 and the fully delithiated state as 0. The difference between (C s,s ) and (C s,a ) at the back of the electrode (near the Al foil) is greater than that at the front of the electrode (near the separator) because the reaction is uneven across the thickness of the electrode. The region at the front reacts first, and the region at the back reacts later [15, 31] . Both (C s,s ) and (C s,a ) drop rapidly at the back of the electrode for 240 μm at C/2, 180 μm at 1C, and 120 μm and 150 μm at 2C. According to Atlung et al. [30] , this is because the Li-ion concentration in the electrolyte phase (C l,s ) reaches zero at the back of electrode before (C s,s ) reaches the saturation value. It was noticed that (C s,s ) and (C s,a ) converge near Al foil because the Li-ion concentration in the particle levels off while part of the electrode near separator is still under discharging. Since no Li ions are available for solid-phase intercalation, the voltage drops rapidly to the cutoff value. This can be clearly seen in the 2C discharge of Fig. 2 , which shows that the voltage profile below 3.0 V has a steeper slope for 150 μm than it has for 120 μm. Figure 5 shows the electrolyte concentration across the thickness direction in the cell stack at the end of discharge. During discharge, the concentration gradient gradually builds up beside the electric field to drive the Li + transport from the negative electrode to the positive electrode. The concentration gradient becomes steeper under higher C rates for a given cell thickness and in thicker cells for a given C rate. It can be clearly seen that (C l,s ) reaches zero near the Al foil for 240 μm at C/2, 180 μm at 1C, and 120 μm and 150 μm at 2C in Fig. 5 , which is in accordance with the observation in Fig. 4 .
The underutilization of active materials in thick electrodes can be attributed to the Li + diffusion gradient in the In this study, the effects of NCA particle size (R) and electrolyte molarity (c 0 ) on cell performance in thick electrodes were investigated in three approaches: Approach (a) corresponds to decreasing R to 500 nm. The decrease in particle size could shorten the diffusion pathway for Liion intercalation and also increase the contact area between solid phase and electrolyte. However, it is noticed that the particle size decreasing may have other effects such as packing density in electrode, side reactions due to high specific areas. However, it is outside of the scope of this paper and we assume the particle size decreasing only has the effect of shortened Li + diffusion path and increased pore-to-wall flux. Approach (b) corresponds to increasing c 0 to 1.5 mol L . The diffusion coefficient (D l ) was set to be constant with increased molarity. Although D l will decrease gradually with further molarity increasing beyond 1 mol L −1 [32] , highly concentrated electrolytes have been found to work well in Li-ion cells due to the different solvation structure of Li + from traditional 1 mol L −1 electrolyte [33, 34] . Figure 6 shows the voltage curves when different approaches are applied to the modeling. It can be seen that both (a) and (b) could increase the deliverable capacity in NCA electrodes while (c) has the greatest capacity in the figure. Figure 7 shows the molarity gradient inside the cells for thicknesses of 180 μm under 1C discharging. The increase in initial electrolyte molarity raises the whole gradient profile and thus avoids electrolyte depletion in the 180 μm electrode. The decrease in particle size slightly increases the slope of the gradient because more Li ions are intercalated into the solid phase. Figure 8 shows the (C s,a ) in NCA electrodes under the same conditions as Fig. 7 . For approach (b) and (c), the value of (C s,a ) near the Al foil in the 180 μm electrode is significantly increased due to the abundant availability of Li Fig. 7 The effect of approaches a, b, and c on Li-ion molarity profiles in the electrolyte at 1C discharge upon reaching 2.8 V ions in the electrolyte. The decrease in particle size can increase (C s,a ) in the 180 μm electrodes near the separator, where no electrolyte depletion occurs. The value of (C s,a ) is improved across the whole 180 μm electrode for approach (c) decreased particle size and increased electrolyte molarity. Figure 9 shows the effect of approaches (a), (b), and (c) on the polarization in the cell. Improvement can be observed for all three approaches. The degree of improvement is greater at higher C rate because the improvement is proportional to the applied current density. For example, the average voltage is increased by about 0.05 V under 2C discharging when approach (c) is applied. Both the increase in molarity and the decrease in particle size can decrease the charge-transfer resistance; the decrease in particle size can also decrease the Li-ion diffusion impedance in the solid phase by shortening the diffusion length. Figure 10 shows the effect of approaches (a), (b), and (c) on energy density. The energy density improvement is based on the increased utilization of active materials and decreased cell polarization. Also, the critical thicknesses are increased to 240 μm under C/2 and 180 μm under 1 C.
Several electrode fabrication methods have been proposed to improve the electrolyte access in thicker electrodes by varying porosity in the thickness direction [35, 36] . However, Dai and Srinivasan recently showed that varying electrode porosity does not result in an improvement over a constant porosity electrode [37] . Several different porosity gradients were also modeled to obtain the results in this paper. Figure 11 shows the gradients with four linear (i-iv) and six second-polynomial (v-x) variations. Figure 12 shows the energy density of the cell stack with a 150-μm-thick cathode under a 1.5C discharge rate. The electrolyte molarity in the cell stack at the end of discharge is shown in Fig. 13 for the baseline and for porosity gradients (v) and (viii). Although four designs have higher energy density than the baseline, the improvement is not significant. The baseline value was 585.5 Wh L . However, bad designs can decrease the energy density, as shown by porosity gradient (v) because the electrolyte depletion gets worse, as shown in Fig. 13 .
The total volume of an 18,650 Li-ion cell is 17.7 mL. The cell stack occupies a volume of 15.9 mL [38] . 10 The effect of a increasing initial molarity, b decreasing particle size, and c both a and b on energy density of cell stacks the values are comparable to those of commercial 18,650 cells. The energy-power values of the baseline cell stacks are constrained by the curves due to cell polarization and underutilization of active materials near the current collectors. The cell polarization could be addressed by reducing the resistance associated with electrolyte conductivity, charge-transfer resistance, and Li + diffusion impedance in the solid phase. To maximize the utilization of active materials in thick electrodes, approaches should focus on avoiding electrolyte depletion and improving Li + diffusion in the solid-phase particles. The dashed lines in Fig. 14, which correspond to approach (c), show that improvement can be achieved by the strategies discussed in this paper.
Another cell-level improvement was calculated based on a pouch cell with a capacity close to 52 Ah. The cell dimensions are 26.5 × 22.5 cm; the electrode dimensions are 24 × 21 cm. Increasing electrode thickness reduces the number of double-sided electrodes as listed in Table 4 . Using thick electrode can significantly decrease the layer number for pouch cell with same/close nominal capacity. 
Conclusion
Numerical modeling was conducted to investigate the limiting factors of the energy-power density relationship in Li-ion cells with thick electrodes. Cell polarization and underutilization of active materials were found to offset the advantage of a high volume ratio of active materials in thick electrodes. With an increase in C rate, the limiting factors were more profound in thick electrodes, leading to maximum points in energy density versus thickness curves. Underutilization of active materials resulted from Li-ion saturation of the surface layer in the solid phase and/or Liion depletion in the electrolyte phase. Possible engineering approaches, such as decreasing particle size and increasing molarity in the electrolyte, were proposed to overcome the limiting factors. Cell polarization was improved simultaneously due to decreased internal resistances. Cell-level analyses of an 18,650 cell and a 52 Ah pouch demonstrated the importance of reduction of electrolyte depletion and improvement of solid-phase diffusion, which can further enhance cell performance. 15 The effect of both increasing initial molarity and decreasing particle size on the energy-power Ragone plot of 52 Ah pouch cells
